Using the most general form of the interpolating current for the octet baryons, the magnetic moments of the negative-parity baryons are calculated within the lightcone sum rules. The contributions coming from diagonal transitions of the positiveparity baryons, and also from non-diagonal transition between positive and negativeparity baryons are eliminated by considering the combinations of different sum rules corresponding to the different Lorentz structures. A comparison of our results on magnetic moments of the negative-parity baryons with the other approaches existing in literature is presented.
Introduction
The study of the spectroscopy, properties and structure of hadrons plays a critical role in understanding the strong interaction at low energies. Study of the physics of negative-parity baryons in this direction receives special attention. There is yet very limited experimental information about negative-parity hyperons. Comprehensive studies on theoretical and experimental sides can shed light in understanding dynamics of the negative-parity baryons. For example, the mass difference of the positive and negative-parity baryons can be attributed to the spontaneous breaking of the chiral symmetry. In QCD sum rules approach [1] the spontaneous breakdown of the chiral symmetry is related with the condensates of chiral-odd operators (see for example [2] ).
The measurement of the magnetic moment of the negative-parity baryons can give useful information about their inner structure. Some number of photo and electro-production experiments are planned to measure the magnetic moments of these baryons at Mainz Microton facility [3, 4] , and Jefferson Laboratory [5] . The magnetic moments of negativeparity baryons have already been calculated in framework of the chiral and non-relativistic constituent quark models [6] , lattice QCD [7] , simple quark model [8] , unitarized chiral perturbation theory [9] , and effective Hamiltonian approach [10] . However, there are drastic differences among the predictions of the above-mentioned approaches. Therefore, motivated partly by the experimental studies, there appears the necessity to calculate the magnetic moments of these baryons in framework of the approaches other than listed above. In the present work we calculate the magnetic moment of the negative-parity baryons in framework of the light-cone QCD sum rules. The main advantage of the QCD sum rules compared to the other approaches is that it is based on fundamental QCD Lagrangian, and it takes into account the non-perturbative nature of the QCD vacuum. The light-cone version of the QCD sum rules is based on the operator product expansion (OPE) near the light-cone. This expansion is performed over the twists of the operator rather than the dimension of the operators, as is the case in the traditional QCD sum rules. The non-perturbative dynamics is described by the light-cone distribution amplitudes, which appear in the matrix elements of the nonlocal operators between the vacuum and corresponding one-particle states. This method have successfully applied to wide range of problems in hadron physics (for more about this method, see [11] ).
The structure of the present work as as follows. In section 2 we formulate and derive the light-cone sum rules for the magnetic moments of the negative-parity octet baryons. In the same section we also obtain the sum rules for the masses and residues of these baryons. In section 3 we present our numerical results for the magnetic moment of the negative-parity baryons, and discussion and conclusion on the obtained results.
Sum rules for the magnetic moments of negativeparity baryons
In order to obtain light-cone QCD sum rules for the magnetic moments of the negativeparity baryons, we start by considering the following correlation function:
where η B is the interpolating current of the corresponding baryon. According to the QCD sum rules methodology, in order to construct sum rules for the appropriate physical quantity, the correlation function is calculated in terms of hadrons and quark-gluon degrees of freedom, and then with the help of quark-hadron duality ansatz these two representations are related by using the analytical continuation.
In calculating the correlation function from QCD side, wee need the expressions of the interpolating currents of the baryons. The general form of the interpolating currents of octet baryons are given in [12] (see also [13] .
Let us now obtain the phenomenological representation of the correlator function. Saturating (1) with the complete set of baryons having the same quantum numbers as the interpolating current and isolating the contributions of the ground state, we get the following expression for the correlator function:
where dots correspond to the contribution of the higher states and continuum; and B * is the negative-parity baryon.
The matrix elements entering into Eq. (2) are defined as
The structure proportional to γ µ for the diagonal transformations contains the factor f 1 +f 2 , and at q 2 = 0 it corresponds to the magnetic moments of the corresponding baryons. Performing summation over the spins of the baryons for the terms proportional to γ µ we get
where
where t and t ′ are two arbitrary parameters in interpolating currents of the baryons. In order to determine the magnetic moments of the negative-parity baryons, the contributions coming from the diagonal B → B and non-diagonal B → B * and B * → B transitions should be removed, i.e., only the terms proportional to C ′ need to be determined. In the case of diagonal transitions the quantities (
correspond to the magnetic moments of the positive and negative octet baryons in natural units. As a result we have four equations in determining the magnetic moment of the negative-parity baryons.
As has already been noted, in constructing the sum rules for the magnetic moments the expression for the correlation function from the QCD side is also needed. As an example we shall present the result for the Σ * + case:
where a, b, c, a ′ , b ′ , c ′ are the color indices; S q is the light quark propagator. The results for the Σ 0 , Σ − , Ξ 0 and Ξ − baryons can easily be obtained from the above expression of the correlation function for Σ + with the help of the following replacements:
The expression for the light-quark operator we use in further analysis has the following form (see for example [13] ):
where Λ is the energy cut off separating perturbative and non-perturbative sectors. We keep only linear quark mass terms in (8) since the contributions coming from higher order mass terms are negligibly small. It can also easily be seen from the expression of the light-quark propagator that, one-gluon operator is retained while the two-gluonqGGq and four-quarkoperators are neglected. Neglecting these operators is justified with the help of the conformal spin expansions [14, 15] . Few words about the calculation technique are in order. If a photon interact with the quark fields perturbatively, its contribution can be calculated by replacing one of the propagators in Eq. (6) with the following one:
where F µν is the electromagnetic field strength tensor, and the Fock-Schwinger gauge x µ A µ = 0 has already been taken into account in the relation A µ = 1 2
F µν y ν . Note also that, S f ree in Eq. (9) is the free quark operator which corresponds to the first term on the right hand side of Eq. (8) , and the following two propagators are the full propagators of the quarks. The contribution coming from the photon's interacting with a quark field non-perturbatively is described by replacing one of the propagators with
where Γ j describes the full set of Dirac matrices; and the two remaining propagators are described by Eq. (8). Substituting Eq. (9) into (6) we see that the contributions corresponding to the nonperturbative interaction of a photon with the quark field appear in the matrix elements of the nonlocal operatorsqΓ j q,qG µν Γ j q between the vacuum and photon states, i.e., γ |qΓ j q| 0 and γ |qG µν Γ j q| 0 , respectively. These matrix elements are determined in terms of the photon distribution amplitudes (DAs)which are given in [16] .
Using Eqs. (6) and (8), and the definitions of DAs of a photon, one can calculate the theoretical part of the correlation function. We present the explicit expressions of invariant functions Π 1 , Π 2 , Π 3 and Π 4 corresponding to the structures / p/ ε/ q, / p/ ε, / ε/ q and / ε for the Σ 0 * baryon, respectively. The results for the Λ * baryon can be obtained by using the following relation between the interpolating currents of Σ 0 * and Λ * baryons [17] :
The final step in deriving the sum rules for the magnetic moment of the negative-parity baryons is performing double Borel transformation on the variables p are rather lengthy, and therefore we do not present them in the present work.
It follows from Eq. (11) that in determining numerical values of the magnetic moments of the negative-parity baryons the corresponding residues are needed. These residues can be obtained from the following correlator:
which can be written in terms of the invariant functions as
Saturating (12) with the corresponding positive and negative baryons, we get
By eliminating the contributions of the positive-parity baryon from these equations and performing Borel transformation over the variable p 2 , for the mass and residues, we get
The spectral densities ImΠ 1 (s) and ImΠ 2 (s) are calculated in [13] , and for this reason we do not present them in this work.
Numerical analysis
In this section we perform numerical calculations of the sum rules for magnetic moments of the negative-parity baryons. The main non-perturbative input parameters of the light-cone QCD sum rules for the magnetic moments are the photon DAs which are all given in [16] . The values of the other input parameters are ūu
, and f 3γ = −0.039 [16] , the magnetic susceptibility χ (1
The sum rules for the magnetic moments of the negative-parity baryons contain three auxiliary parameters, namely, the arbitrary parameter t appearing in interpolating current, Borel mass parameter M 2 and the continuum threshold s 0 . Obviously the magnetic moments are expected to be independent of these parameters. In implementing the numerical analysis program, we first look for the region where magnetic moments of the negativeparity baryons are independent of M 2 at properly chosen values of the parameters s 0 and t. It should be noted here that the QCD sum rules analysis restricts the arbitrary parameter t to posses only positive values. The upper bound of M 2 is obtained by demanding that the continuum contribution should be less than, say, half of the perturbative contributions. The lower bound of M 2 is determined by requiring that the contributions of the highest power of 1/M 2 terms contribute less than 30% of the highest M 2 terms. These two conditions lead to the following domains:
GeV 2 for p * and n * , and
For this reason as we draw figures depicting the M 2 dependence of the magnetic moments of the negative-parity baryons positive values of the arbitrary parameter t have been used, and different "working regions" of M 2 are used for different members of the negative-parity octet baryons. In these preferred regions of M 2 magnetic moments of the negative-parity baryons are practically independent of M 2 at fixed values of s 0 and t. The next problem which needs to be solved is finding the working region for the arbitrary parameter t where again magnetic moments of the negative-parity baryons are independent of it. For this goal the mass sum rules have been used. We see that λ 2 B * is almost independent of t if it varies in the region 0.2 ≤ t ≤ 1.5, which is common for all negative parity baryons at fixed values of M 2 . We shall use use this boundary for t in further numerical analysis of the magnetic moment of the negative parity baryons. It should be noted here that when parameter t varies in this domain the mass sum rules predict the following values for the mass of the negative-parity baryons: m Λ = 1.75 GeV , m Ξ = 1.80 GeV , m Σ = 1.7 GeV , at s 0 = 4.0 GeV 2 and when the Borel parameter varies in the region
These predictions for mass of the the negative parity baryons are very close to their experimental values [22] . It should be stressed here that the Borel mass parameters appearing in the sum rules for magnetic moments and in the mass sum rules are different in general.
The final step of our procedure is determination of the region for the arbitrary parameter t by using the domain which follows from the mass sum rules analysis in which the sum rules exhibit good stability to the variation of t at fixed values of M 2 . Our numerical calculations show that the regions of t, where the magnetic moments of the negative-parity baryons are independent of it, gets narrower. For example, the best stability of the magnetic moments are achieved when t lies in the region 0.9 ≤ t ≤ 1.0 for n * and p * , and 0.6 ≤ t ≤ 0.7 for the Λ * , Σ * and Ξ * baryons, respectively. The results of our numerical analysis for the negative parity baryons are all summarized in Table I . For completeness, in Table I , we also present the predictions of the chiral and non-relativistic constituent quark models [6] , lattice calculations [7] , simple quark model [8] and unitarized chiral perturbation theory [9] , and effective Hamiltonian approach [10] . It should be noted here that the magnetic moments of the Λ(1670) baryon is calculated within the framework of the unitarized chiral perturbation theory in [23] which predicts µ Λ * = −0.29µ N , where µ N is the nuclear magneton.
From this table we see that the results obtained by the above-mentioned approaches are quite different, not only in magnitude, but also in sign in many cases. On the other hand, our results predicts that µ Ξ − * ≃ µ Σ − * , µ Ξ 0 * ≃ µ n * , µ Σ + * ≃ µ p * , µ Σ − * + µ n * ≃ −µ p * , 2µ Λ * ≃ µ n * , which are all very close to the exact SU(3) symmetry relation.
Naively, one can expect that the magnetic moments of the negative-parity baryons can be obtained from the positive ones by the relation
When used, this relation leads to the following results (for magnetic moments of the positiveparity baryons we have used their experimental results):
When compared with these naive estimations we see that, except for the n * case, our results are very close with the above-presented naive estimations.
In summary, using the light-cone QCD sum rules method we calculate the magnetic moments of the negative-parity octet baryons. In our analysis the contaminations originating from the diagonal transitions of the positive parity baryons, as well as non-diagonal transitions among negative and positive-parity baryons are all eliminated by taking the contributions coming from the sum rules corresponding to the different Lorentz structures into account. Furthermore, we present a comparison of our results on the magnetic moments of the negative-parity octet baryons with those lattice, constituent quark model, unitarized chiral perturbation chiral perturbation theory, and chiral constituent quark model predictions. It is observed that the predictions of these approaches totally differ from each other in many cases. Therefore, any future experimental measurement would be very important for choosing the "right" theory and understanding the structure of these baryons. Table 1 : The magnetic moments of the negative-parity octet baryons in units of nuclear magneton µ N predicted by the light cone QCD sum rules (our result), chiral and nonrelativistic constituent quark models [6] , lattice calculations [7] , simple quark model [8] , unitarized chiral perturbation theory [9] , non-relativistic constituent quark model [6] , and effective Hamiltonian [10] approaches.
Appendix A
For completeness, in this Appendix we present the matrix elements γ(q) |qΓ i q | 0 which are calculated in terms of the photon distribution amplitudes (DAs) [10] .
where ϕ γ (u) is the leading twist 2, ψ v (u), ψ a (u), A and V are the twist 3 and h γ (u), A, T i (i = 1, 2, 3, 4) are the twist 4 photon DAs, respectively and χ is the magnetic susceptibility of the quarks. The photon DAs is calculated in [10] . The measure Dα i is defined as
Explicit form of the photon DAs entering into above matrix elements.
The constants entering the above DAs are obtained as [10] 
Appendix B
In this Appendix we present the explicit expressions of the functions Π i (u, d, s) for the magnetic moment of the Σ 0 * baryon entering into the sum rule. 
